ABSTRACT
INTRODUCTION
load-control interface (Idinyang et al. 2018) , are illustrated in Figure 2 (b).
116
The CCNM methodology can be summarized as follows.
[1] The model piles are driven and/or 117 loaded in-flight with service loads, P 0 .
[2] The numerical model is started; physical and numerical once a stable state is achieved within the coupled centrifuge-numerical model. Franza et al. (2016) 125 illustrated that this hybrid model is stable in-flight and its load-control performance is satisfactory 126 for this application.
127
Centrifuge model
128
The centrifuge equipment is shown in Figure 3 and is based on a tunnelling model for plane-129 strain greenfield conditions (Zhou et al. 2014) . A 90mm diameter model tunnel buried at 225mm
130 depth (at axis) within dry sand was used to replicate a prototype 5.4m diameter tunnel with 13.5m
131 of cover (cover-to-diameter C/D = 2). The sand was Leighton Buzzard Fraction E which has an 132 average grain size D 50 = 0.12mm, a specific gravity G s =2.65, maximum (e max ) and minimum 
138
This process was conducted up to either pile failure or V l,tmax = 10%. During the greenfield 139 test, the GeoPIV image-based measurement technique was used to measure tunnelling-induced soil 140 displacements at the Perspex window (White et al. 2003) .
141
For the tests investigating tunnelling beneath piles, a foundation consisting of either a single 142 pile or four piles was used. All piles were located along the centre of the container width. A view 143 of the model pile and pile cap is illustrated in Figure 4 . A load cell was installed at each pile head
144
to have a reliable measurement of the head load, P. LVDTs were used to measure pile settlements 145 u z .
146
Model piles were made from 12mm diameter full section cylindrical aluminium rod with a of the pile to allow attachment of a pile cap.
150
Pile caps were composed of two aluminium round connectors, a load cell, a plate for the LVDT 151 armature, and a loading bar (see Figure 4) . Each of the pile loading bars could be loaded/jacked 152 independently using a four-axis servo actuator apparatus and lever system. Four L03 MecVel 153 ballscrew actuators, shown in Figure 3 (a), with 100mm stroke and 5kN capacity (at 1g) were used.
154
As shown in Figure 3( for future testing that will explore the effects of structural non-linearity.
173

Real-time interface
174
The real-time interface was designed to efficiently carry out the actuator control and data acqui-175 sition tasks (full details presented in Idinyang et al. (2018) 
180
The main processes that couple the physical and numerical models are contained within two 181 loops that are run independently and at different rates (see Figure 2( pile tests, the piles were jacked in-flight a distance of 2d p and, subsequently, the pile head loads were 219 reduced to the initial service value P 0 .
[3c] For non-displacement pile tests, the service loads P 0
220
were directly applied to the piles. The value of the applied service load depended on the specified 221 initial safety factor (P 0 = Q 0 /SF 0 , where Q 0 is the pre-tunnelling ultimate pile capacity and SF 0 222 is the initial safety factor). For pile groups, the piles were installed sequentially; the installation 223 sequence of displacement piles started from 4 and moved towards 1, whereas the loading sequence 224 of non-displacement piles was pile 1 to 4.
[4] For tunnelling beneath piled frame tests, the real-time
225
interface was activated such that the applied loads, P, matched the numerical demand, P . For tests
226
of single piles, the load demand was maintained constant during the entire tunnelling process (i.e. 
233
TUNNELLING BENEATH SINGLE PILES
234
Pre-tunnelling load-settlement response
235
The load capacity of the model piles, Q 0 , was required to evaluate the initial safety factor, SF 0 ,
236
of piles. For non-displacement piles, Q 0 was assumed equal to the load required to push a pile a 237 distance of 10% of the pile diameter, d p . For displacement piles, Q 0 was evaluated based on the 238 maximum force measured during the jacking of piles in position 2 (discussed below).
239
The value of Q 0 for non-displacement piles was assessed from the loading tests in series B, 
Tunnelling-induced settlements
257
In drained conditions, tunnelling can have a reducing effect on the capacity (∆Q < 0) of nearby 258 piles due to stress relief within the ground. An affected pile will move downwards in an attempt to 259 mobilize the forces (along the shaft and/or at the pile base) necessary to achieve equilibrium. Note 260 that positive shaft friction is mobilized for small magnitudes of relative pile-soil displacements,
261
whereas greater relative movements are needed to fully mobilize base resistance. Displacements 262 will continue to occur as long as the mobilized capacity is lower than the pile load (Q < P). For 263 a constant applied load, P, pile failure is initiated when capacity is reduced to the point where it 264 matches the applied load (Q max → P), potentially inducing large pile movements (Jacobsz et al. increase in rate of displacement after V l,t = 1 % and 4 %, respectively. The data indicates that V l,t at 288 geotechnical pile failure is higher for non-displacement piles than for displacement piles for a given 289 SF 0 and pile location. This is due to the fact that displacement piles rely on the highly stressed soil Marshall (2017) using cavity expansion/contraction analyses).
293
The data indicate that the 'very large' settlement threshold (10%d p ) should not be used to define Nottingham.
307
TUNNELLING BENEATH PILED BUILDINGS
308
Comparison between greenfield and pile foundation settlements Firstly, the response to tunnelling of pile foundations subjected to superstructure weight but 310 with a fully-flexible building (i.e. no load redistribution, FR00) is studied and compared with the 311 greenfield data. Initial service loads, P 0 , were set equal to 500N, giving SF 0 = 1.5 and 2 for 312 non-displacement and displacement piles, respectively.
313
The installation/loading of the row of piles showed good consistency between tests. The results
314
for displacement piles were similar to those obtained during the installation of the single piles in to increases considerably at V l,t ≈ 1% and an unstable condition occurs at V l,t ≈ 1.25%. Failure
336
was not observed for pile 1 during the isolated pile test N1SF1.5 (see Figure 7 ). This disparity 337 between the response of pile 1 in the isolated pile and pile row tests is a result of the difference 338 in the pre-tunnelling state of the ground in the two tests (i.e. because of multiple pile loading and 339 interaction settlements in the pile row test).
340
The test with a row of displacement piles (DGSF2.0FR00) was terminated at V l,t ≈ 0.2% because 
343
To conclude, Figure 8 illustrates that, for a given scenario, a critical response to tunnelling 344 of both displacement and non-displacement pile foundations is predicted when constant loads are 345 applied (i.e. a hypothetical fully-flexible superstructure). Furthermore, there may be a detrimental 346 group effect on pile post-tunnelling capacity, however further research on this aspect needs to be 347 undertaken given uncertainties related to the effect of the model tunnel on results.
348
In this section, the effects of superstructure stiffness on tunnelling-induced pile settlements and 350 load redistribution are investigated. Figure 9 shows the variation of applied load in relation to P 0
351
(upper plots) and normalized settlements (lower plots) for piles 1 to 4 within the volume loss range
352
V l,t = 0 − 3%. The change of force ∆P = P − P 0 is referred to as the 'superstructure reaction force'.
353
Solid and dashed lines are used to indicate non-displacement and displacement pile foundations,
354
respectively, and a light-to-dark colour transition indicates low to high superstructure stiffness.
355
Note that tests for FR70 were interrupted at lower values of V l,t because they reached an unstable 
Superstructure deformation mechanisms
371
To better understand the mechanisms responsible for the load redistribution, pile head settlement 372 profiles in the direction transverse to the tunnel axis are plotted in Figure 10 at V l,t = 0.5% and 373 1.0%. Greenfield vertical displacements at the locations of pile heads and tips are also displayed.
374
Comparison of the fully flexible (FR00) and rigid (FR70) tests allows identification of the 375 contribution of superstructure stiffness to settlements. Reaction forces, ∆P, develop as a conse-quence of the frame resisting bending deformations; they are not caused by tilting because of the 377 implementation of a first-order structural analysis (i.e. neglecting geometric non-linearity). Rigid 378 frames (FR70) constrain the piles to settle such that a straight line profile is formed. In addition,
379
because of the eccentric tunnel-frame location in the tested configurations, rigid frames tilt as well 380 as settle. Therefore, for rigid superstructures, the critical risk may relate to absolute settlements 381 and tilting, rather than bending strains.
382
It is interesting that the superstructure modification of settlements is qualitatively different for 
387
CONCLUSIONS
388
The following conclusions can be drawn from the present study regarding tunnelling beneath 389 piles and piled buildings in sands.
390
• The magnitude of tunnelling-induced settlements of piles depends considerably on the the greater pile settlements will be compared to greenfield values.
396
• Pile capacity in a tunnel-pile interaction context is generally not well defined. Failure of 
